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Lgl to the Cytoplasmic CurbThe Drosophila neoplastic tumor suppressor Lethal giant larvae (Lgl) regulates
apico–basal polarity in epithelia as well as the asymmetric segregation of cell
fate in neural progenitors. Two new studies uncover a new facet of its
regulation in epithelia, where Aurora-dependent phosphorylation triggers Lgl
dissociation from the basolateral cortex to facilitate planar orientation of the
mitotic spindle.Yu-ichiro Nakajima1
and Matthew C. Gibson1,2,*
Epithelia are the fundamental building
blocks of animal organ and appendage
structures, and thus play prominent
roles in both development and disease.
In broad terms, epithelial architecture
requires the localized assembly of
adhesive junctions in concert with the
apico-basal polarity of each cell.
Considering the complexity associated
with establishing and maintaining this
degree of structural order, how do
proliferating epithelial cells maintain
polarity and tissue integrity while
cyclically disassembling their
interphase morphologies, rounding up,
and dividing into co-equal daughters?
One key hypothesis is that during
division, the mitotic spindle is oriented
to the plane of the epithelium in order to
facilitate the conservation of cell
junctions and the correct integration of
post-mitotic cells into the monolayer.
While both classic papers and more
recent studies have implicated polarity
determinants as cues for planar spindle
orientation [1], precisely how epithelial
polarity is modulated during mitosis
in vivo remains poorly understood.
Addressing this problem head-on, two
reports in this issue of Current Biology
reveal a novel mechanism for the
mitotic regulation of the conserved
polarity regulator Lethal giant larvae
(Lgl) in Drosophila epithelia [2,3].
Lgl was the first reported tumor
suppressor in Drosophila, named for
mutant larvae that exhibit dramaticovergrowth and a corresponding
disruption of tissue architecture in the
imaginal discs and neuroblasts [4].
Similar phenotypes are observed in
mutants of discs large (dlg) and
scribble (scrib), and subsequent work
has demonstrated that these three
neoplastic tumor suppressor genes
function in the same genetic pathway
[5]. In epithelia, the protein products of
lgl, dlg, and scrib co-localize at the
basolateral membrane and work
together as a protein complex that
controls cell polarity (the Scrib
complex) [5]. Consistent with its
neoplastic phenotypes, Lgl is
implicated in the regulation of
apico-basal polarity in epithelia and
asymmetric cell division in neuroblasts
[6]. In the last decade, further studies
have suggested a contribution of Scrib
complex mutations to tumorigenesis
by investigating Drosophila models
and by exploring the association of
mutations in human orthologs with
cancer [7]. Lgl is a cytoskeletal protein
that primarily localizes at the cell cortex
and plasma membrane, but it is also
found in the cytoplasm [6]. In epithelia,
basolateral Lgl, Dlg and Scrib regulate
cell polarity through mutually
antagonistic interactions with the
apical Par (Par3–Par6–aPKC) and
Crumbs (Crumbs–PatJ–Stardust)
complexes [8]. Similarly, during
asymmetric cell division of
neuroblasts, Lgl targets fate
determinants to the basal cortex by
mutually inhibiting the activity of the
Par complex [9]. Thus, in two verydifferent cellular contexts, the role of
Lgl is to restrict the spatial localization
and activity of polarity determinants
along the cortex and membrane.
The subcellular localization of Lgl is
controlled, in part, by aPKC-dependent
phosphorylation at three conserved
serine residues (S656, S660, and S664)
(Figure 1A). Upon phosphorylation, Lgl
dissociates from the cell cortex,
leading to its cytoplasmic localization
and inactivation [10]. In epithelia and
asymmetrically dividing neuroblasts,
Lgl is excluded from the apical cell
cortex by aPKC-dependent
phosphorylation, which is necessary to
maintain epithelial polarity and direct
fate determinants, respectively [10,11].
Interestingly, during neuroblast cell
division Lgl translocates from the cell
cortex to the cytoplasm at prophase
entry [12]. This event, termed Lgl
cortical release, is triggered by the
mitotic kinase Aurora A (AurA). At the
onset of mitosis, AurA activates aPKC
by directly phosphorylating Par-6, thus
relieving aPKC from negative
regulation by Par-6. The mitotically
activated aPKC then phosphorylates
Lgl and remodels the Par complex [12].
Combined, studies from neuroblast cell
division indicate that protein
localization is dynamically reorganized
to coordinate cell polarity with mitosis.
Until now, however, whether and how
polarity determinants are remodeled
during epithelial cell division has
remained poorly understood.
Using genetic analysis and in vivo
live-imaging, Carvalho et al. [3] and Bell
et al. [2] share the finding that Lgl
relocalizes from the cortex to the
cytoplasm during mitosis in imaginal
and follicular epithelia. How is Lgl
relocalization controlled? Like in
neuroblasts, cortical release of
epithelial Lgl depends on its aPKC
phosphorylation motifs. Further, Lgl
relocalization is strongly delayed in
aurA kinase-defective mutants,
suggesting that AurA activity is
required for Lgl cortical release at
aPKC
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Figure 1. Lgl relocalization is triggered by AurA-mediated phosphorylation at the onset of
mitosis and its redistribution is necessary for planar spindle orientation in epithelia.
(A) During interphase, Lgl is restricted from the apical cortex by aPKC-mediated phosphory-
lation. (B) Upon prophase entry, AurA directly phosphorylates specific serine residues
(S656, S664), releasing Lgl from the basolateral cortex into the cytoplasm. (C) Lgl relocalization
is hypothesized to allow mitotic spindles to align at the basolateral region, where Dlg and the
Pins complex may interact. Grey, Adherens junctions; green, basolateral cortex.
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R44mitotic entry [3]. While prior neuroblast
work has implicated AurA in the
indirect control of Lgl localization
through aPKC [12], the present studies
suggest a direct phosphorylation.
Indeed, in epithelia the kinase
activity of aPKC is dispensable for
Lgl release, and AurA directly
phosphorylates the putative aPKC
phosphorylation motif in Lgl
(Figure 1B). Using Drosophila S2 cells,
Carvalho et al. show that double
phosphorylation of Lgl is necessary for
relocalization and that AurA
phosphorylates S656 and S664 during
mitosis [3]. Bell et al. reach a similar
conclusion by combining in vitro kinase
assays with in vivo localization studies
in both epithelia and neuroblasts [2].
What is the function of Lgl cortical
release, if any? Both Dlg and Scrib
remain associated with the cortex
during mitosis and have been
implicated in controlling planar
alignment of the mitotic spindle [13,14].
In imaginal discs and follicular
epithelia, this activity appears to be
distinct from the role of the Scrib
complex in polarity. Similarly, both Bell
et al. [2] and Carvalho et al. [3] show
that AurA-mediated Lgl
phosphorylation is not required for
overall epithelial polarity. Instead, Lgl
cortical release appears to be
important only during mitosis.
Following the expression of
AurA-insensitive forms of Lgl thatcannot relocalize to the cytoplasm,
mitotic spindle orientation becomes
randomized in the follicular epithelium
[3]. Abnormal spindle orientation
phenotypes are also observed in wing
epithelial cells expressing
AurA-insensitive or
membrane-tethered forms of Lgl [2].
Altogether, these results demonstrate
that Lgl relocalization is required for
planar spindle orientation in the
proliferating Drosophila epithelia.
Mechanistically, how does removal
of Lgl from the cortex contribute to
planar spindle orientation? One
hypothesis is that Lgl release facilitates
a Dlg-Pins (Partner of Inscuteable)
interaction at the lateral cortex during
mitosis. Pins (known as LGN in
vertebrates) is a conserved plasma
membrane-associated protein that
regulates mitotic spindle orientation
[1]. In the Drosophila follicular
epithelium and chick neuroepithelium,
genetic and cell biological evidence
suggests that Dlg directs Pins/LGN
basolateral localization through its
guanylate kinase (GUK) domain [13,15].
Recent structural and biochemical
studies using mammalian homologues
show that the Dlg GUK domain directly
interacts with both phosphorylated Lgl
and phosphorylated Pins/LGN [16,17].
Given that Pins/LGN is mitotically
phosphorylated by AurA [18] and the
Lgl–Dlg interaction is weaker than the
Pins/LGN–Dlg interaction [16,17], Lglrelocalization may promote planar
spindle orientation by transiently
freeing Dlg to interact with Pins/LGN or
other spindle-associated factors
(Figure 1C). Looking forward, future
studies should seek to define the
biochemical links between the spindle
and the Scrib complex and explore the
possibility that similar events occur in
other organismal systems. Intriguingly,
AurA is highly expressed in human
cancers [19] and regulates mitotic
spindle orientation in mammary
epithelial cells [20]. A deeper
understanding of the modulation of cell
polarity during epithelial cell division
could thus provide broad new insights
into both epithelial homeostasis and
disease.References
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Double-Strand Break RepairThe RAG endonuclease generates DNA double strand breaks during antigen
receptor gene assembly, an essential process for B- and T-lymphocyte
development. However, a recent study reveals that RAG endonuclease activity
affects natural killer cell function, demonstrating that such double strand
breaks, and the responses they elicit, may have broad cellular effects.Andrea L. Bredemeyer
and Barry P. Sleckman*
DNA double-strand breaks (DSBs) are
generated by genotoxic agents and as
intermediates in several physiological
processes. These DSBs activate the
ATM kinase, which orchestrates a
canonical DNA damage response
(DDR) that includes activation of
cell-cycle checkpoints, initiation of
DSB repair and the activation of cell
death pathways when DSBs persist
unrepaired [1]. However, recent
studies [2–5], including one published
in Cell by Karo et al. [2], reveal that
signals from DNA DSBs may have
broader effects on cellular functions
that persist long after the DSB has been
repaired.
During development, B and T
lymphocytes must assemble antigen
receptor genes through the process
of V(D)J recombination [6]. This
reaction is initiated when the RAG1
and RAG2 proteins, which together
form the RAG endonuclease, introduce
DNA DSBs at the border of two
recombining gene segments (V, D or J),
and their flanking RAG recognition
sequences [6]. RAG is expressed only
in developing lymphocytes and their
immediate precursor, the common
lymphoid progenitor [7]. RAG DSBs
are processed and repaired by the
non-homologous end-joining (NHEJ)
pathway of DNA DSB repair [8].Assembly of antigen receptor
genes is an absolute requirement for
B- and T-lymphocyte development,
and mice and humans deficient in
RAG1, RAG2 or components of the
NHEJ pathway are severely
lymphopenic. Common lymphoid
progenitors also give rise to natural
killer (NK) cells that serve critical
functions in early immune responses.
Unlike B and T lymphocytes, NK
cell development does not depend
on antigen receptor gene assembly,
and mice and humans deficient
in RAG1, RAG2 or NHEJ proteins
have normal numbers of mature NK
cells.
Using mice that allow for fate
mapping of cells that have expressed
RAG1 [9], Karo et al. [2] show that a
significant fraction of mature NK
cells have expressed RAG1 during
development. As expected, RAG1 is
not expressed in mature NK cells.
Strikingly, there were clear
phenotypic differences between
mature NK cells that had expressed
RAG1 during development, and
those that had not. Mature NK cells
that had never expressed RAG1
appeared to be more activated and
terminally differentiated, in addition to
exhibiting higher levels of cytotoxicity.
Analysis of NK cells from RAG1- and
RAG2-deficient mice revealed
functional phenotypes similar to
wild-type NK cells with no history ofRAG expression. Moreover, compared
with NK cells from wild-type mice,
those from RAG-deficient mice
failed to expand and persist
following mouse cytomegalovirus
infection, due to an increased
susceptibility to apoptosis. Thus,
expression of RAG in developing NK
cells had a remarkable effect on the
activity of mature NK cells, even though
these cells do not require antigen
receptor gene assembly — the only
known RAG activity — for their
development.
How is it that the RAG expression in
developing NK cells can affect the
function of mature NK cells?
Presumably this occurs through a
RAG-dependent alteration in the
genetic program in developing NK cells
that persists in mature NK cells.
Indeed, Karo et al. [2] find that the
expression of several genes encoding
proteins involved in the DDR, including
DNA-PKcs (Prkdc), Ku80 (Xrcc5), Chk2
(Chek2) and Atm, in mature NK cells
depends on prior RAG expression.
Moreover, compared with mature NK
cells from wild-type mice, those from
RAG-deficient mice exhibit
perturbations in the DDR, indicating
that these gene expression changes
have functional consequences. In
agreement with this notion, the authors
find that mature NK cells from
DNA-PKcs-deficient mice have
similar phenotypes to those
from RAG-deficient mice. Thus,
RAG expression in developing NK
cells is required, at least in part, to
promote a normal DDR in mature NK
cells.
RAG1 and RAG2 have no known
independent functions and together
their only known activity is as an
endonuclease. However, RAG2 has a
plant homeodomain that binds
broadly throughout the genome to
